Introduction
============

Lung cancer (LC) is the second most frequent malignancy and the leading cause of cancer-related deaths worldwide. It is a stealth disease that develops without symptoms, and is usually diagnosed in an advanced stage that cannot be successfully treated. Among LC patients, 85% have NSCLC, and among NSCLC patients, only 25% are diagnosed with the localized IA-IIB disease stages. These patients with the localized NSCLC are considered to have favorable prognosis, and are predominately treated with the conventional surgery alone. However, approximately 50% of these patients experience disease recurrence and die within 5 years after diagnosis and surgery [@B1].

Biomarkers that could detect clinically hidden and discriminate aggressive and non-aggressive LC would enable diagnosis of the early, curable stages of disease in high risk populations (i.e., heavy smokers) and prediction of the disease outcome, respectively. Ultimately, the biomarkers would timely enable personalized effective treatments of the early-stage and aggressive LC. However, although several recent studies have indicated that specific signatures of microRNA expression could distinguish better- and worse-prognosis LC [@B2], no clinically validated biomarkers of LC are currently available.

Biologically active molecules that are increased in cancer or stroma cells and mediate cancer-cell growth, survival, invasion and metastasis formation could be promising cancer biomarkers and therapy targets [@B3]-[@B7]. ADAM10 (A disintegrin And Metalloproteinase 10) and ADAM17 are plasma-membrane anchored metalloproteinases that have such features [@B8], [@B9], being able to hydrolyze proximal to the cell surface, shed and activate ectodomains of transmembrane molecules that mediate epidermis growth, inflammation, and cancer pathogenesis, growth, invasion and metastasis formation [@B10]-[@B28].

Increases in expression of ADAM10 and ADAM17 genes and/or proteins have been inconsistently found in cancer tissues, and have not been validated as clinically applicable biomarkers. [@B8]-[@B10], [@B28]-[@B41]. The enzyme-specific proteolytic activities are solely mediated by the active (uninhibited) mature enzymes, which directly reflect the enzyme cellular functions and might be, therefore, superior biomarkers than the expression of enzyme genes or proteins comprising inactive proenzyme and active (uninhibited) and inactive (inhibited) mature enzyme forms [@B42], [@B43]. Because ADAM10sa and ADAM17sa are directly associated with cancer pathogenesis and aggressive behavior, and a particular active form of ADAM10 is selectively displayed in cancer cells [@B44], the increased specific sheddase activities could be significant biomarkers of cancers [@B42].

In the present study, using our recent modification of the high-throughput multiplex proteolytic activity matrix analysis (PrAMA) [@B45] that specifically measures ADAM10sa and ADAM17sa in cell and tissue lysates [@B46], we determined that ADAM10sa is consistently and selectively upregulated in NSCLC cell lines and patient primary tumors and circulating exosomes, and distinctly more upregulated in the primary tumors of patients having poor prognosis. These findings indicate that ADAM10sa could be a clinically useful early-detection and outcome-prediction biomarker of NSCLC.

Materials and Methods
=====================

Reagents
--------

The FRET (Fluorescence-Resonance Energy Transfer) peptide substrates PEPDAB005, PEPDAB008, PEPDAB010, PEPDAB011, PEPDAB013, PEPDAB014 and PEPDAB022, which are based on the cleavage sites in specific proteins known to be processed by different ADAM family members [@B45], [@B46], were obtained from BioZyme Inc (Apex, NC). Recombinant ADAM10 and ADAM17 were purchased from R&D Systems (Minneapolis, MN). EDTA-free non-MP protease inhibitor cocktails, tablets and Halt solution, were obtained from Roche Applied Science (Indianapolis, IN) and ThermoFisher Scientific (Pittsburgh, PA), respectively. Trypsin and enzyme-free cell-dissociation solution were obtained from GIBCO-Life Technologies (Grand Island, NY).

Cell lines and peripheral blood cells
-------------------------------------

NSCLC A549, H520, H596, H441, H358 and H2345, and small-cell lung carcinoma (SCLC) H69 cell lines were obtained from ATCC (Manassas, VA). They were cultured in RPMI-1640 cell-culture medium supplemented with 10% FCS (GIBCO-Life Technologies). Human normal bronchial-epithelium (NHBE) cells, COPD bronchial-epithelium (COPDBE) cells and normal-lung fibroblasts (NLFB) were purchased from Lonza (Allendale, NJ). They were cultured in BEGM^TM^ BulletKit^TM^ medium (Lonza). The cell lines were kept stored in the frozen stocks, and cultured up to 6 passages, when needed for the experiments. Peripheral blood mononuclear leukocytes (PBLs) were obtained using Phycoll-Hypaque (Sigma-Aldrich, St. Louis, Mo) density-gradient centrifugation of healthy-donor peripheral blood provided by the University of Pittsburgh Medical Center (UPMC) Lung Cancer (LC) SPORE Tissue Bank (TB). Natural killer (NK) cells were purified from PBLs using Miltenyi Biotech (San Diego, CA) human NK-cell isolation kit [@B47]. Dendritic cells (DCs) were generated from PBL monocytes, as previously described [@B48].

Tissues, plasma and sera
------------------------

Ten pairs of NSCLC primary-tumor and tumor-free normal-lung tissues and 10 chronic-obstructive-pulmonary-disease (COPD) lung tissues preserved dry-snap-frozen; and 41 pairs of NSCLC primary-tumor and tumor-free normal-lung tissues, 25 NSCLC primary-tumor tissues without control-lung tissues, and 27 COPD-lung tissues, all preserved frozen in the RNA-protection solution RNAlater (Qiagen, Germantown, MD), were obtained surgically. All tumor and paired lung tissues were obtained from stage IA-IIB NSCLC patients. Tissues were verified by histopathology. Most of the tumors were adenocarcinomas (AD) and squamous cell carcinomas (SQ) (**Table [1](#T1){ref-type="table"}**). Plasma specimens (1 mL) were obtained from 5 healthy donors and 4 stage IA-IIB and 1 stage IIIB NSCLC tumor-bearing patients. Serum specimens (1 mL) were obtained from 7 healthy donors, 7 small-pulmonary-nodule (SPN) patients, 7 COPD patients and 6 stage IIIA and 1 stage IIIB NSCLC tumor-bearing patients (**Table [1](#T1){ref-type="table"}**). All the biological specimens were obtained, deidentified, stored frozen at -80^o^C, and provided by the UPMC-LC-SPORE-TB under the IRB-approved protocol REN16070229/IRB9502100. All tissue and blood donors were either active or former smokers.

Isolation of exosomes
---------------------

The standard fractionated ultracentrifugation [@B49] and the newly developed size-defined filtration methods were used to isolate exosomes from peripheral blood plasma and sera, respectively. Plasma fractionated ultracentrifugation was performed by 20-min centrifugation at 2000 g, to remove platelets; filtration through 0.45 μm pore filter, to remove cell debris; and 40-min centrifugation at 100,000 g using 30% sucrose gradient, to pellet exosomes. The exosomes were washed twice in PBS by 60-min centrifugations at 100,000 g.

Size-defined filtration was performed by passing sera through a stack of inter-connected 450, 220 and 20 nm pore-size ExoMir filters (Bioo Scientific Co., Austin, Tx). The first two filters retained cell debris and cell-derived particles larger than exosomes. The third 20 nm pore-size filter retained only exosomes and enabled complete removal of smaller particles and soluble blood proteins and washing of the retained exosomes using PBS. Exosomes are subsequently lysed and their active enzymes extracted in the 20 nm pore-size filter.

Preparation of cell, tissue and exosome lysates
-----------------------------------------------

All procedures were performed at 0^o^C [@B46]. Single cell suspensions of viable cells were prepared from cultured adherent cells using the non-enzymatic cell-dissociation solution. Detached cells were washed twice in culture medium and three times in PBS. Frozen tissues were thawed on ice and washed three times in PBS. Cell and tissue lysates were prepared using a lysis buffer composed of 50 mM Tris-HCl/150 mM NaCl buffer supplemented with 0.1% SDS, 1% sodium deoxycholate, 1% Nonidet P40, 1% Triton X-100, and 1% EDTA-free protease inhibitor cocktail (Roche). Cells (10^6^) were lysed in 50 μL of the lysis buffer for 1 h. Tissues (10-50 mg) were lysed by homogenization in 500 μl of the lysis buffer using the tissue-grinder system (ThermoFisher Scientific) and 1-h incubation. Exosomes obtained from 1 mL of peripheral blood plasma or sera were lysed in 200 or 500 μL of lysis buffer, respectively. The lysates were centrifuged at 16,000 g for 20 min, their supernatants were collected, and protein concentrations determined using Quick Start Bradford Dye Reagent (Bio-Rad, Hercules, CA).

ELISA
-----

Human ADAM10 and ADAM17 ELISA kits were obtained from Antibodies Online Inc (Atlanta, GA) and R&D Systems, respectively. ELISAs were performed using 10 μg of lysates.

Metalloprotease enzyme activity assay
-------------------------------------

The assay was performed in 100 μL of assay-buffer solutions of 1 to 10 μg of cell-, tissue- or exosome-lysate proteins, or 10 ng of recombinant ADAM10 (rADAM10) or rADAM17 and supplemented with 10 μM PEPDAB substrates (BioZyme) [@B46]. The assay buffer consisted 25 mM Tris-HCl buffer pH 8, supplemented with 0.1 mg/μL BSA, 0.0006% Brij-35, 1% glycerol, 0.5% Roche-tablet (Roche) and 0.5% ThermoFisher Scientific Halt (Halt) broad-spectrum protease inhibitor cocktails without EDTA. Totally processed substrate was obtained using 1% trypsin. The enzymatic reaction was induced by incubating the lysate/substrate solutions in 96-well white-wall, flat-bottom LUMITRAC-200 plates (Sigma Aldrich) at 37^o^C for 1 to 4 h. Fluorescence was measured in a TECAN-infinite-200-pro fluorimeter (Technical Communities, Inc., San Bruno, CA) using 485 nm excitation and 530 nm emission wavelengths. The experiments were performed in duplicates or triplicates. The obtained data were computed using the formulas: 1) Experimental fluorescence-intensity gain (EFIG) = Experimental-sample mean fluorescence intensity (ESMFI) - Background-sample mean fluorescence intensity (BSMFI); 2) Trypsin-induced fluorescence-intensity gain (TIFIG) = Trypsin-sample mean fluorescence intensity (TSMFI) - BSMFI; 3) pM processed substrates = EFIG x 10^6^/TIFIG.

Modified Proteolytic Activity Matrix Analysis (PrAMA)
-----------------------------------------------------

The assay was performed as described before [@B45], [@B46]. Briefly, PrAMA is an integrated mathematical modeling analysis that interprets dynamic signals from panels of moderately specific fluorogenic substrates to deduce a profile of specific MP-proteolytic activities. Deconvolution of enzyme signals from complex mixtures of proteases is accomplished by using individual MP-cleavage signatures for the substrate-panel measured with purified enzymes. The method relies upon the assumption that the total observed substrate cleavage is the linear sum of cleavage from all enzyme activities in a complex biological mixture. As a consequence of this assumption, a vector of specific enzyme activities, **E**, may be inferred from a signature of substrate cleavages, **V~0~**, by solving the following equation:
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where **\[S\]~0~** is the concentration of substrate, and **C** comprises a matrix of kinetic parameters that describes the efficiency (k~cat~/K~M~) with which particular enzymes cleave the substrates. The modified PrAMA was performed using systematically optimized and validated combinations of sensitivity (Syntherror) and specificity (Sigmathreshold) parameters to achieve maximal (100%) sensitivity and specificity with no cross-reactivity between rADAM10 and rADAM17, and lysates of wild-type and *ADAM10-* or *ADAM17*-knockout cells, control and *ADAM10-*cDNA-transfected *ADAM10-*knockout cells, control and ADAM10-siRNA- or ADAM17-siRNA-transfected NSCLC cells, and control and GI254023X-inhibited NSCLC-cell or -tissue lysates (46). Ten-thousand bootstrapping repetitions for each data-set were analyzed. The computation was performed using Matlab-2009a MathWorks (Natick, MA).

Statistics
----------

Data were statistically evaluated using the SPSS-10.0 (SPSS Inc., Chicago, IL) and R-3.3.2 (<https://www.r-project.org>) programs. Data are reported as means + standard deviation (SD) or standard error (STE), and medians, quartiles and ranges. Wilcoxon Sum-Rank tests and Wilcoxon Rank-Sum tests were used to compare two groups of independent and paired data, respectively. Pearson\'s coefficients were used to measure correlations. Linear-regression analysis with 95% confidence-band of the best fit line was performed to evaluate correlations. The receiver-operating-characteristic (ROC) curve analysis was conducted to assess the ability of biomarkers to discriminate groups. The ROC curve, area under ROC (AUC), cutoff, sensitivity (SE), specificity (SP) and accuracy (AC) were evaluated. Optimal cutoffs were chosen using the maximized Youden Index (SE+SP-1). To avoid over-fitting of the data, a 10-fold cross-validation was used to estimate the predictive values of models. Most of the tests were two-sided. The one-sided tests were indicated in the figure legends. *p* values \<0.05 were considered significant.

Results
=======

ADAM10sa is upregulated in cultured lung cancer cells
-----------------------------------------------------

A cancer biomarker candidate should be significantly different in cancerous and non-cancerous cells. Therefore, we initially tested the levels of ADAM10 and ADAM17 proteins and sheddase activities in NSCLC, normal lung, COPD lung and inflammatory cells. All the tested cells, including NSCLC, NHBE, COPDBE (NHBE-COPDBE), DCs and PBLs (DC-PBL), contained substantial amounts of ADAM10 and ADAM17 proteins as measured by ELISA (**Figs. [1](#F1){ref-type="fig"}A, 1B, Supplementary Figs. [1](#SM0){ref-type="supplementary-material"}A, 1B**). ADAM10 and ADAM17 protein levels were marginally decreased in NSCLC cells relative to NHBE-COPDBE cells and DC-PBL, respectively. In contrast, the processing of PEPDAB005, 010, 011, 014 and 022 substrates was significantly increased in NSCLC-cell lysates relative to the non-cancerous NHBE-NHFB-COPDBE-cell and DC-PBL lysates (**Fig. [1](#F1){ref-type="fig"}C**). Subsequently, PrAMA inferred from these findings that ADAM10sa was also significantly increased in NSCLC-cell lysates relative to NHBE-NLFB-COPDBE-cell (p=0.008) and DC-PBL (p=0.036) lysates (**Fig. [1](#F1){ref-type="fig"}D, Supplementary Fig. [1](#SM0){ref-type="supplementary-material"}C**). Contrarily, ADAM17sa was marginally decreased in NSCLC-cell and DC-PBL lysates relative to NHBE-NLFB-COPDBE cell lysates (**Fig. [1](#F1){ref-type="fig"}E, Supplementary Fig. [1](#SM0){ref-type="supplementary-material"}D**). These findings show that ADAM10sa, but not ADAM10 and ADAM17 protein expression or ADAM17sa, is increased in NSCLC cells. They also indicate that the protein expression and sheddase activity of either ADAM10 or ADAM17 do not correlate in the examined cells.

ADAM10sa is upregulated in NSCLC tumors
---------------------------------------

In order to determine whether ADAM10sa and/or ADAM17sa are upregulated in tumors and are potential NSCLC biomarkers, we comparatively examined these enzymes in paired stage IA-IIB NSCLC primary tumors and cancer-free lung tissues. Such tissue specimens were available cryopreserved either dry or in RNAlater. Using smaller tissue cohorts (n=10), we first determined that tissues stored either way consistently displayed significant amounts of ADAM10sa and ADAM17sa. The obtained data also indicated that ADAM10sa might be upregulated in NSCLC tumors (**Supplementary Fig. [2](#SM0){ref-type="supplementary-material"}**). More detailed PrAMA of multiple enzymes showed that MMP2 activity (MMP2a) and MMP14a, but not MMP9a (**Supplementary Figs. [3](#SM0){ref-type="supplementary-material"}A-3C**), MMP1a or ADAM9sa (data not shown), might be also upregulated in NSCLC primary tumors relative to COPD and normal lungs. However, among the examined specific enzyme activities, ADAM10sa appeared to be highly superior, being more than 100-, 40- and 30-fold higher than the MMP and ADAM17 activities in NSCLC tumors, COPD lungs and normal lungs, respectively (**Supplementary Fig. [3](#SM0){ref-type="supplementary-material"}D-3F**).

Next, we investigated ADAM10 and ADAM17 protein expression and sheddase activity in lysates of larger cohorts of paired NSCLC tumor and cancer-free normal lung (n=31) and COPD lung (n=27) specimens cryopreserved in RNAlater (**Fig. [2](#F2){ref-type="fig"}**). We found that ADAM10 protein levels were inconsistently and moderately increased in NSCLC primary tumors relative to normal or COPD lungs (p=0.002-0.005), while ADAM17 protein expression levels were similar in these tissues (**Figs. [2](#F2){ref-type="fig"}A, 2B**). In contrast, the NSCLC tumor lysates processed significantly better PEPDAB005, 008, 011, 013 and 022 than normal or COPD lung lysates (**Fig. [2](#F2){ref-type="fig"}C**). Notably, PEPDAB005 processing was especially increased in tumor lysates (**Figs. [2](#F2){ref-type="fig"}C, Supplementary Fig. [4](#SM0){ref-type="supplementary-material"}**). Consequently, PrAMA inferred from these findings that ADAM10sa was highly significantly increased in tumors relative to the low enzyme activity in normal and COPD lungs (p\<0.0001, **Fig. [2](#F2){ref-type="fig"}D**). In contrast, ADAM17sa was similar in the tumors and non-cancerous lungs (**Fig. [2](#F2){ref-type="fig"}E**). Importantly, PEPDAB005 processing and the most dominant enzyme activity, ADAM10sa, significantly correlated in NSCLC tumor lysates (**Fig. [2](#F2){ref-type="fig"}F**), indicating that the PEPDAB005 processing was mostly mediated by ADAM10sa. Furthermore, ROC-curve analyses showed that both PEPDAB005 processing (**Fig. [2](#F2){ref-type="fig"}G**) and ADAM10sa (**Fig. [2](#F2){ref-type="fig"}H**) could distinguish NSCLC tumors from non-cancerous normal or COPD lungs with significant and similar sensitivity (SE), specificity (SP) and accuracy (AC) \[(PEPDAB005 processing: SE=0.83, 0.91; SP=0.83, 0.93; AC=0.83, 0.92), (ADAM10sa: SE=0.75, 0.71; SP=0.94, 0.89; AC=0.84, 0.79), respectively\]. These findings show that ADAM10sa is significantly upregulated in NSCLC tumors, and is, therefore, a potential biomarker that could discriminate cancerous and non-cancerous lung tissues. They also indicate that PEPDAB005 processing could be an ADAM10sa-surrogate marker in NSCLC tumors.

ADAM10sa may be more upregulated in NSCLC tumors of poor-prognosis patients
---------------------------------------------------------------------------

About 50% of patients diagnosed with the localized NSCLC (stage IA-IIB) die within 5 years after initial diagnosis and surgical therapy. Since ADAM10 plays key roles in cancer pathogenesis, invasion and metastases formation [@B10], [@B28], we examined whether the levels of ADAM10 protein and ADAM10sa-surrogate marker PEPDAB005 processing are more increased in primary tumors of NSCLC patients who died (n=17) from the disease relative to those who survived (n=18) 5 years after diagnosis and therapy (**Fig. [3](#F3){ref-type="fig"}**). ADAM10 protein levels were inconsistently and marginally increased (p=0.039) in tumor lysates of NSCLC patients who died relative to those who survived (**Fig. [3](#F3){ref-type="fig"}A**). Importantly, PEPDAB005 processing was highly significantly increased (p\<0.0001) in tumor lysates of patients who died relative to those who survived (**Fig. [3](#F3){ref-type="fig"}B**). ROC curve analysis showed that the PEPDAB005 processing could distinguish with significant sensitivity, specificity and accuracy (SE=0.94, SP=0.78, AC=0.86) NSCLC tumors of patients having poor prognosis from those having good prognosis (**Fig. [3](#F3){ref-type="fig"}C**). These findings strongly indicate that ADAM10sa is more elevated in primary tumors of NSCLC patients having poor prognosis than in those of patients having good prognosis.

ADAM10sa is increased on blood exosomes of tumor-bearing NSCLC patients
-----------------------------------------------------------------------

Cancer cells produce in tumor microenvironment and release into peripheral blood large amounts of microvesicles (30 to 100 nm in diameter), named exosomes [@B50]. Exosomes are derivatives of and structurally related to endosomes. They are morphologically defined by a limiting membrane expressing on its external surface plasma-membrane-bound molecules, and could be a good source of cell-surface biomarkers [@B50]-[@B54]. Since ADAM10 and ADAM17 are plasma-membrane integral molecules, they are likely expressed on exosomes too.

Initially, we determined that unfractionated human sera of tumor-bearing patients and control individuals similarly processed PEPDAB substrates masking the specific enzymatic activity of exosomes that were greatly diluted in their natural environment (data not shown). Therefore, we performed the investigation using purified peripheral-blood plasma and serum exosomes. First, we assessed the presence of ADAM10sa and ADAM17sa in plasma exosomes obtained by the standard fractionated ultra-centrifugation **(Figs. [4](#F4){ref-type="fig"}A, 4B, Supplementary Fig. [5](#SM0){ref-type="supplementary-material"})**. Plasmas were acquired from tumor-bearing stage IA-IIB NSCLC patients and healthy individuals. Exosome lysates were simultaneously tested with five PEPDAB substrates. We found that the exosome lysates of NSCLC patients significantly better processed only PEPDAB005 than those of healthy individuals (p=0.024, **Fig. [4](#F4){ref-type="fig"}A**). Consequently, PrAMA inferred that NSCLC-patient exosomes contained increased ADAM10sa**(Fig. [4](#F4){ref-type="fig"}B),** and unchanged ADAM17sa (**Supplementary Fig. [5](#SM0){ref-type="supplementary-material"}**), relative to healthy-individual exosomes. Remarkably, PEPDAB005 processing and ADAM10sa significantly correlated in NSCLC-patient exosome lysates (**Fig. [4](#F4){ref-type="fig"}C**). These findings indicated that the enzyme activity measured in NSCLC-patient exosomes by PEPDAB005 processing was mostly ADAM10sa. Furthermore, ROC-curve analysis suggested that both PEPDAB005 processing and ADAM10sa could distinguish with significant and equal sensitivity, specificity and accuracy NSCLC tumor-bearing patients from healthy individuals (SE=0.80, SP=1.00, AC=0.90) (**Fig. [4](#F4){ref-type="fig"}D**). These data indicated that ADAM10sa, but not ADAM17sa, was selectively increased in exosomes of NSCLC tumor-bearing patients. They also suggested that ADAM10sa could be effectively quantified in NSCLC-patient blood exosomes by testing only PEPDAB005 processing.

The exosome purification with the fractionated ultra-centrifugation is complex, labor-intensive and time-consuming, and could limit the potential routine clinical investigation of the exosome biomarkers in numerous blood specimens. Therefore, we introduced a simple and rapid size-defined filtration method to isolate exosomes. This method enabled consistent isolation of 500 to 1300 μg of microvesicles from 1 mL serum. In addition, as PEPDAB005 processing closely correlated with ADAM10sa both in NSCLC tumors and patient exosomes (**Figs. [2](#F2){ref-type="fig"}F, 4C**), it was applied as ADAM10sa-surrogate marker in the further studies of exosomes. Using the simplified method, we could simultaneously assess 28 specimens of serum exosomes obtained from NSCLC tumor-bearing patients (n=7), healthy individuals (n=7), and COPD (n=7) and SPN (n=7) patients (**Fig. [4](#F4){ref-type="fig"}E**). We found that exosome lysates of NSCLC-patient processed significantly better PEPDAB005 than those of healthy individuals (p=0.0021), or SPN (p=0.0021) and COPD (p=0.0087) patients. ROC-curve analysis showed that the ADAM10sa-surrogate assay could distinguish NSCLC tumor-bearing patients from healthy individuals, or SPN and COPD patients with significant sensitivity, specificity and accuracy (SE: 1.0, 1.0, 1.0; SP: 1.0, 1.0, 0.72; AC: 1.0, 1.0, 0.86, respectively). These findings strongly indicated that ADAM10sa was selectively increased on exosomes of NSCLC tumor-bearing patients and, therefore, could represent a significant NSCLC-detection biomarker capable of accurately distinguishing NSCLC-tumor-bearing patients not only from healthy individuals but also from patients having inflammatory or benign-tumor pulmonary diseases. The findings also suggested that the PEPDAB005 processing could be an ADAM10sa-surrogate marker of NSCLC-patient exosomes.

Discussion
==========

The expressed genes and proteins of cancer pathogenesis and aggressiveness contributing enzymes ADAM10 and ADAM17 have been explored as potential cancer biomarkers. The enzyme markers were frequently found increased in malignant tumors or patient blood, but the increases were not consistent or robust, and were not clinically validated as cancer biomarkers [@B3]-[@B9], [@B29], [@B32]-[@B36], [@B38]-[@B40], [@B51]-[@B54].

We provide herein the evidences that ADAM10sa is moderately increased in NSCLC cells, highly increased in NSCLC primary tumors, further increased in NSCLC aggressive tumors, and notably increased in blood exosomes of tumor-bearing NSCLC patients. The enzyme activity was consistently high in NSCLC primary tumors and consistently low in the control tissues, indicating that it may be a significant NSCLC biomarker. In contrast, the ADAM10-protein expression was inconsistently, moderately or marginally increased in NSCLC primary tumors and largely overlapped with the enzyme expression levels in the control tissues, confirming that ADAM10-protein expression may be a poor NSCLC biomarker.

ADAM10 sheds and activates ErbB, Eph and Notch, which subsequently trigger key signaling pathways of cancer initiation, progression, invasion and metastases formation [@B8], [@B10], [@B12]-[@B18], [@B55]-[@B57]. In solid tumors, hypoxia develops and enhances ADAM10 expression and activity of cancer cells via induction and accumulation of hypoxia-inducible transcription factor 1α (HIF-1α) [@B58]. These findings concur with ours and explain why ADAM10 protein expression is not increased in normoxic cultured NSCLC cells, but is increased in hypoxic NSCLC tumor tissues. The hypoxia-upregulated ADAM10 renders cancer cells resistant to innate immunity by increasing shedding of the NK-cell activating ligand MICA from cancer-cell surface. The hypoxia induction of ADAM10 could be partially inhibited by the anti-hypoxia treatment with nitric oxide mimetics, indicating a potentially new anti-cancer therapy [@B58].

Contrasting ADAM10 protein expression, ADAM10sa is moderately increased in cultured NSCLC cells and highly increased in NSCLC primary tumors. These findings could not be simply explained by the hypoxia-induced enhancement of ADAM10 expression [@B58]. Recent studies have shown that cancer cells both in culture and in tumor, but not non-transformed cells, express a large, unprocessed, active form of ADAM10 (having occupied catalytic-domain active site with prodomain). This tumor form of ADAM10 is activated by disulfide isomerization in its membrane-proximal cysteine-reach substrate-recognition domain, which is mediated by reactive oxygen radicals highly produced in tumor microenvironment [@B44]. Thus, it is conceivable that the tumor form of ADAM10 is selectively expressed by NSCLC cells and both upregulated by hypoxia and activated by oxygen radicals in NSCLC-tumor microenvironment thus resulting in the excessive ADAM10sa found in NSCLC primary tumors and especially in their aggressive species obtained from poor-prognosis patients.

Using the specific enzyme activity assay that employs both processing of multiple fluorogenic substrates and PrAMA, we detected significant ADAM10sa increases in peripheral blood exosomes of NSCLC patients bearing relatively small, T1 or T2 primary tumors, indicating that the increased ADAM10sa in peripheral blood exosomes could be an early detection biomarker of NSCLC. As PrAMA-ADAM10sa is the most dominant MP activity in NSCLC tumors that closely correlates with PEPDAB005 processing in both NSCLC tumors and exosomes of NSCLC tumor-bearing patients, the single substrate processing could be alone an ADAM10sa-surrogate marker in NSCLC tumors and, especially, in NSCLC-patient blood exosomes having a less complex enzyme composition. Indeed, the one-substrate assay detected in exosomes of tumor-bearing NSCLC patients the elevation of enzyme activity with the same accuracy as the five-substrate PrAMA-ADAM10sa. These findings indicate that PEPDAB005 processing alone could be a simple, sensitive and inexpensive blood test, which could be applied in early detection and follow-up studies of NSCLC, when large cohorts of blood exosome specimens are simultaneously tested or the quantities of isolated exosomes are insufficient for the full-scale, multiple-substrate PrAMA-ADAM10sa examination.

Having the key roles in all phases of cancer development [@B8], [@B10], [@B12]-[@B18], [@B55]-[@B57], ADAM10 has been considered not only a potentially significant cancer biomarker but also a highly promising therapy target [@B10], [@B59]. However, numerous clinical trials with broad-spectrum small-molecule inhibitors of MP catalytic-domain active sites implemented in patients with advanced cancers have so far failed, showing major musculosclerotic toxicity and no clinical benefits [@B60], [@B61]. Subsequent studies have indicated that the causes of the promising therapy failure could be the non-selective inhibition of both cancer-promoting (i.e., MMP2, MMP9, MMP14, ADAM10, ADAM17) and cancer-suppressing (i.e., MMP3, MMP8, MMP12) MP activities, lack of inhibition of the proteolytic-activity independent cancer-promoting functions of MPs mediated by the beyond catalytic domain exosites, and dose-limiting toxicity [@B61]-[@B63]. Therefore, more selective small-molecule inhibitors targeting catalytic-domain active sites, mutated TIMP variants with improved selectivity and affinity, and specific antibodies targeting both catalytic and non-catalytic functions of pro-tumorigenic MMPs and ADAM10 have been developed [@B61]-[@B63]. Preclinical studies of the new-generation inhibitors provide highly promising proofs-of-principle that anti-cancer therapies with more specific MP inhibitors could be clinically beneficial [@B44], [@B61]-[@B66]. This was exemplified by the findings that the small-molecule MP inhibitor INCB3619, selectively targeting ADAM10, ADAM17, MMP2 and MMP12, effectively reduced shedding of ErbB ligands and retained growth of human cancer xenografts in nude mice without inducing fibroplasia toxicity [@B66]. More importantly, the specific targeting of the cancer-prevalent active form of ADAM10 with a monoclonal antibody led to inhibition of Notch signaling, tumor growth and tumor regrowth after chemotherapy in murine models [@B44]. The potential future anti-ADAM10 therapy as well as other current and future therapies of NSCLC could be personalized and made more beneficial by the ADAM10sa-biomarker-based early detection, outcome prediction and follow-up.

In conclusion, our study provides a proof-of-concept that the increased ADAM10sa in primary tumor lesions and blood exosomes could be a significant prognostic, early detection and follow-up biomarker of NSCLC and perhaps some other cancers. ADAM10sa could be also a companion marker to enroll patients into future therapies that target ADAM10. To confirm our findings and validate ADAM10sa as a clinically useful NSCLC biomarker, additional retrospective and prospective studies of large cohorts of tissue and blood specimens are required.
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![ADAM10sa levels are high in lung cancer cells, but undetectable or low in non-cancerous cells. Lysates of cancerous NSCLC A549, H520, H2347, H596, H441 and H358, and SCLC H69 cells; and non-cancerous NHBE, NLFB, COPDBE, PBL (n=5), DCs (n=8) and/or NK cells (n=3) were tested for the presence of ***(A)*** ADAM10 and ***(B)***ADAM17 proteins using ELISAs, ***(C)***enzymatic activities by hourly measuring processing of PEPDAB substrates from 1 h to 4 h of incubation, and PrAMA ***(D)***ADAM10sa and ***(E)***ADAM17sa inferred from the 3-h incubation enzymatic activities presented in ***(C)*** using the high-sensitivity/high-specificity Syntherror/Sigmathreshold 0.5/1.55 parameters. ***(A***, ***B)*** Means + STE of ADAM10 and ADAM17 pg/10 μg of cell lysates are presented. ***(C)***Means + STE of pM processed substrates with 10 μg of the cell lysates are shown (\*p=0.02-0.04, \*\*p=0.003-0.007, significance of differences between NSCLC and control cells). ***(D***, ***E)***Means + STE of PrAMA ADAM10sa and PrAMA ADAM17sa arbitrary units (AU) are presented. In ***(B)*** and ***(D)***, one-sided significance test was used.](jcav09p2559g001){#F1}

![While ADAM10 protein expression is moderately increased, ADAM10sa is highly increased in NSCLC tumors. Lysates of 31 pairs of primary-tumor and tumor-free normal lung tissue specimens obtained from stage IA-IIB NSCLC patients, and of 27 lung tissue specimens obtained from COPD patients, were cryopreserved in RNAlater for 1 to 7 years before testing. The lysates were examined for the presence of ADAM10 and ADAM17 proteins and sheddase activities. ***(A)*** ADAM10 and ***(B)*** ADAM17 proteins were assessed using ELISAs. Data are box plots with medians, quartiles and ranges of ADAM10 and ADAM17 pg/10 μg lysates. ***(C)*** The enzymatic activities were measured by processing PEPDAB substrates. Data are presented as pM means + STE of processed substrates with 10 μg lysates (\*p=0.041, \*\*p=0.0029-0.0044, \*\*\*\*p\<0.0001). ***(D)*** ADAM10sa and ***(E)*** ADAM17sa were determined by analyzing PEPDAB-processing data obtained at 3 h of incubation using the PrAMA high-sensitivity/high-specificity Syntherror/Sigmathreshold 0.5/1.33 parameters. Data are box plots with medians, quartiles and ranges of ADAM10sa and ADAM17sa AU per 10 μg of lysates. ***(F)*** Correlation of PEPDAB005 processing and ADAM10sa in tumor lysates was determined by assessing the Pearson correlation coefficient (*ρ=*0.64, p=0.0016). ROC curve analyses were performed to assess the potentials of ***(G)*** PEPDAB005 processing and ***(H)*** ADAM10sa to distinguish NSCLC tumor lysates from non-cancerous normal or COPD lung-tissue lysates. ***(G)***and ***(H)*** figures present areas under ROC (AUC) for NSCLC tumor vs normal lung (AUC=0.88, 0.89, respectively), and NSCLC tumor vs COPD lung (AUC=0.96, 0.84, respectively).](jcav09p2559g002){#F2}

![NSCLC primary-tumor lysates of patients who died better process PEPDAB005 than those of patients who survived 5 years after diagnosis and surgery. Lysates of stage IA-IIB NSCLC primary tumors of patients who survived (n=18) or died (n=17) of the disease during 5 years after diagnosis and surgical therapy were examined following their cryopreservation in RNAlater for 1 to 5 years. The lysates were examined for the presence of ***(A)*** ADAM10 protein by ELISA and ***(B)***enzymatic activities by measuring processing of PEPDAB005 at 3 h of incubation. Data are presented as box plots with medians, quartiles and ranges of ADAM10 protein pg/10 μg, and pM of processed PEPDAB005 with 10 μg of tumor lysates, respectively. ***(C)*** ROC curve analysis was performed to determine the potential of PEPDAB005 processing to distinguish NSCLC primary tumors of patients having poor and good prognosis (AUC=0.88).](jcav09p2559g003){#F3}

![ADAM10sa is increased in peripheral-blood exosomes of tumor-bearing NSCLC patients. Plasma of NSCLC tumor bearing patients (stage IA-IIB, n=4; and IIIB, n=1) and healthy individuals (n=5) were isolated by fractionated centrifugations and lysed. ***(A)***The exosome lysates were examined using the enzymatic activity assays measuring PEPDAB substrate processing at 3 h of incubation. Presented data are medians, quartiles and ranges of pM of processed substrates with 60 μg of exosome lysates (\*p=0.024, significance of differences between healthy-individual and NSCLC-patient exosomes). These data were analyzed by PrAMA, and PrAMA data were presented as boxplots with medians, quartiles and ranges of arbitrary units (AU) of ***(B)*** ADAM10sa (\*p=0.061) and **(*Supplementary Fig. [4](#SM0){ref-type="supplementary-material"}*)** ADAM17sa. In ***(A)*** and ***(B)***, one-sided test was implemented. ***(C)*** Correlation of PEPDAB005 processing and ADAM10sa in exosome lysates was determined by assessing the Pearson correlation coefficient (*ρ*=0.88, p=0.043). ***(D)*** ROC curve analyses were performed to assess the potentials of PEPDAB005 processing and ADAM10sa to distinguish blood exosomes of NSCLC tumor-bearing patients and healthy individuals. ROC curves and their analyses were identical for two biomarkers (AUC=0.80). ***(E)*** Serum exosomes of healthy individuals (n=7), and SPN (n=7), COPD (n=7) and NSCLC tumor-bearing patients (stage IIIA, n=6; and IIIB, n=1) were isolated by the size-defined filtration, lysed and assessed using PEPDAB005 processing. Data are presented as box plots with medians, quartiles and ranges of pM of processed PEPDAB005 with 5 μg of exosome lysates. ***(F)*** ROC curve analyses were performed to assess the potential of PEPDAB005 processing to discriminate blood exosomes of NSCLC tumor-bearing patients from those of healthy individuals and SPN or COPD patients (AUC=1, 1, 0.93, respectively).](jcav09p2559g004){#F4}

###### 

Essential demographic, clinical and pathologic information for tumor tissues, plasma and sera

  ---------------------------------------------------------------------
                                    Plasma       Sera               
  ---------------------------- ---- -------- --- ------ --- --- --- ---
  **Age (years)**                                                   

  \<60                         19   2        2          3   3   3   3

  \>60                         47   3        3          4   4   4   4

  **Gender**                                                        

  Male                         35   3        3          5   5   5   5

  Female                       31   2        2          2   2   2   2

  **Stage**                                                         

  IA                           17   2                               

  IIA                          4                                    

  IIIA                         1                        6           

  IB                           26   1                               

  IIB                          18   1                               

  IIIB                              1                   1           

  **Histological type**                                             

  Squamous                     21   3                   1           

  Adeno                        37   1                   2           

  Adeno-\                      3    1                   4           
  Squamous                                                          

  Large cell                   5                                    

  **Tumor size**                                                    

  T1                           21   2                   3           

  T2-T3                        45   3                   4           

  **Lymph node metastases**                                         

  Negative                     42   3                   4           

  Positive                     24   2                   3           

  **Outcome during 6 years**                                        

  Died                         17   4                   3           

  Alive                        18   1                   4           
  ---------------------------------------------------------------------
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